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Abstract

Abstract

Melanoma is the reason for the majority of skin cancer-related deaths and reports a

rising incidence over the past years. It arises from transformed melanocytes, the melanin-

producing skin cells. The primary cause of melanoma is high exposure to ultra violet

(UV) radiation. Besides UV radiation, also other factors like genetic predisposition or

a weakened immune system can contribute to melanoma development. Depending on

the cancer stage, location, and genetic profile different treatment options exist. Gaining

new insights into the underlying mechanisms of melanoma progression contributed to the

development of new treatment options, such as targeted therapies or immunotherapies.

Unfortunately, the development of resistances against treatments negatively influences

the therapy success. Therefore, therapy success could be improved through better un-

derstanding of the mechanisms leading to therapy resistance and developing potent new

therapeutic approaches.

Previous work in our laboratory on the histone methyltransferase SETDB1 (SET domain

bifurcated histone lysine methyltransferase 1) revealed a possible role of secretogranin

II (SCG2) in melanoma pathogenesis. The results showed that high intratumoral SCG2

expression in melanoma patients correlates with poor survival rates. Based on these data,

there was reason to further examine the role of SCG2 in melanoma.

The aim of this project was to investigate the role of SCG2 in melanoma through identi-

fying mechanisms that are influenced by SCG2. First, I could demonstrate that primary

melanoma and melanoma metastases show high SCG2 expression levels. By comparing

the gene expression levels between SCG2-overexpressing (OE) and control melanoma cells,

I found a downregulation of components of the antigen presenting machinery (APM). The

components of the APM are important for the correct assembly of the MHC class I com-

plex. Using flow cytometry analysis, I could show that the surface MHC class I levels were

downregulated in SCG2 OE melanoma cells. Due to the downregulation of MHC class I,

these cells were less sensitive towards cytotoxic T cell-induced killing. The consequences

of SCG2 OE on the expression of several APM components, MHC class I surface pre-

sentation, and sensitivity towards cytotoxic T cells could be partially reversed by IFNγ

treatment.

Taken together, these findings could contribute to the understanding of melanoma immune

evasion mechanisms and the role of SCG2 in this process. Consequently, when it comes
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Abstract

to the success of checkpoint blockade and adoptive immunotherapy, SCG2 could be a

valuable prognostic factor. Also, new insights into the pathways involved in SCG2-induced

MHC class I downregulation could open up new possibilities for melanoma treatment.
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Zusammenfassung

Zusammenfassung

Das Melanom ist der Grund für die Mehrzahl der Todesfälle im Zusammenhang mit

Hautkrebs und verzeichnet in den letzten Jahren eine steigende Inzidenz. Es entsteht

aus transformierten Melanozyten, den melaninproduzierenden Hautzellen. Die Hauptur-

sache des Melanoms ist eine hohe Exposition gegenüber ultravioletter (UV) Strahlung.

Neben UV-Strahlung können auch andere Faktoren wie genetische Veranlagung oder ein

geschwächtes Immunsystem zur Melanomentstehung beitragen. Je nach Krebsstadium,

Lokalisation und genetischem Profil gibt es unterschiedliche Behandlungsmöglichkeiten.

Die Gewinnung neuer Einblicke in die zugrunde liegenden Mechanismen der Melanompro-

gression trug zur Entwicklung neuer Behandlungsoptionen wie zielgerichteter Therapien

oder Immuntherapien bei. Leider beeinflusst die Resistenzentwicklung gegen Behandlun-

gen den Therapieerfolg negativ. Daher könnte die Wirksamkeit etablierter Therapien

durch ein besseres Verständnis der Mechanismen, die zu Therapieresistenzen führen, und

durch die Entwicklung wirksamer neuer Therapieansätze verbessert werden.

Frühere Untersuchungen unserer Arbeitsgruppe zur Histon-Methyltransferase SETDB1

(SET Domain Bifurcated Histone Lysine Methyltransferase 1) deuteten eine mögliche

Rolle von Secretogranin II (SCG2) bei der Melanompathogenese an. Die Ergebnisse

zeigten, dass eine hohe intratumorale SCG2-Expression bei Melanompatienten mit schlech-

ten Überlebensraten korreliert. Diese Daten veranlassten mich, die Rolle von SCG2 beim

Melanom weiter zu untersuchen.

Ziel dieses Projekts war es, den Einfluss von SCG2 auf die Melanompathogenese durch

die Identifizierung SCG2-beeinflusster Mechanismen weiter zu untersuchen. Als Erstes

konnte ich zeigen, dass primäre Melanome und Melanommetastasen hohe SCG2 Ex-

pressionsniveaus aufweisen. Der Vergleich der Genexpressionsniveaus zwischen SCG2-

überexprimierenden (OE) und Kontroll-Melanomzellen offenbarte eine Herunterregulie-

rung von Komponenten der Antigen-präsentierenden Maschinerie (APM). Die APM ist

wichtig für den korrekten Zusammenbau des MHC Klasse I Komplexes. Mittels Durchfluss-

zytometrie-Analyse konnte ich zeigen, dass die MHC Klasse I Oberflächenpräsentation in

SCG2 OE Melanomzellen herunterreguliert war. Aus diesem Grund waren diese Zellen

deutlich weniger empfindlich gegenüber induzierter Abtötung durch zytotoxische T Zellen.

Die Folgen von SCG2 OE auf die Expression mehrerer APM Komponenten, MHC Klasse

I Oberflächenpräsentation und die Empfindlichkeit gegenüber zytotoxischen T Zellen kon-

nten teilweise durch IFNγ-Behandlung umgekehrt werden.
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Zusammenfassung

Zusammengefasst könnten diese Ergebnisse zum Verständnis der Immunevasionsmecha-

nismen von Melanomen und der Rolle von SCG2 in diesem Prozess beitragen. Wenn

es also um den Erfolg der Checkpoint-Blockade und der adoptiven Immuntherapie geht,

könnte SCG2 ein wertvoller Prognosefaktor sein. Außerdem könnten neue Einblicke in

die Signalwege, die an der SCG2-induzierten MHC Klasse I Herunterregulierung beteiligt

sind, neue Möglichkeiten für die Behandlung von Melanomen eröffnen.
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4 INTRODUCTION

4 Introduction

4.1 Malignant Melanoma

Melanoma is a very aggressive form of skin cancer. The most common form is cutaneous

melanoma but it can also occur on mucosal surfaces, in the uveal tract, and leptomeninges

[1]. Over the last decades the incidence of melanoma has more than doubled [2]. In 2018,

almost 300,000 new melanoma cases were reported with the highest rate in Australia,

followed by New Zealand and Norway [3]. Although malignant melanoma just represents

5% of all skin cancer cases it accounts for more than 70% of all skin cancer-related

deaths [2]. A major risk factor for the development of melanoma is high exposure to

UV radiation and a history of sunburns [4]. Other risk factors include family history of

melanoma, gender, age, a weakened immunesystem (e.g. after organ transplantation), and

a high number of moles [5,6]. In general, patients diagnosed with early melanoma stages

have good prognosis but about 30% of the patients develop metastases in various organs

after primary tumor excision [7]. Despite new therapeutic options, long term prognosis is

still poor [2].

4.1.1 Melanoma development and progression

Melanoma arises from transformed melanocytes, the melanin-producing skin cells [8].

Melanocytes originate from the neural crest and migrate for maturation into the epider-

mis where they gain the ability to produce melanin [9]. Melanin is transported to the

neighboring keratinocytes and functions as a natural protection mechanisms against UV

radiation since it works as an UV absorbent and antioxidant [10].

Melanocytic transformation is a multi-step process resulting in increased proliferation

and morphological changes [11]. This process can be induced by intrinsic factors, such

as genetic alterations, or extrinsic factors, like UV radiation [12, 13]. First, a normal

melanocyte acquires a driver mutation which can lead to the development of benign

melanocytic nevi [14, 15]. One of the most common mutations found is BRAFV600E

(B-RAF proto-oncogene, serine/threonine kinase) which is associated with decreased cell

proliferation [16]. BRAF-induced nevus development is a cellular protection mechanism

preventing malignant transformation of normal cells by the induction of growth arrest,

called oncogene-induced senescence [16, 17]. For melanoma development further genetic

alterations need to occur [18]. However, most melanomas arise de novo, which means

that they are not developed from pre-existing nevi lesions [19, 20]. The earliest stage

of melanoma is melanoma in situ, a precursor stage of invasive melanoma, where the
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4 INTRODUCTION

malignant cells remain restricted to the epithelium and can still be easily resected [21].

Once melanoma cells leave the epithelium and invade the dermis and subcutaneous tis-

sue, melanoma has reached its invasive state [14]. In this stage, melanoma accumulates

genetic aberrations (e.g. MAPK (mitogen-activated protein kinase) pathway activation,

TERT (telomerase reverse transcriptase) and CDKN2A (cyclin dependent kinase inhibitor

2) mutations) and interacts stronger with the tumor microenvironment consisting of fi-

broblasts, endothelial cells, immune cells, soluble molecules, and the extracellular matrix.

These circumstances result in a more aggressive phenotype [14, 22]. The invasive stage

of melanoma is followed by metastatic melanoma where cells of the primary tumor site

disseminate to distant sites. Metastases generally first form in the neighboring lymph

nodes of the primary tumor, especially the sentinel lymph nodes, whereas distant metas-

tases in visceral tissue occur later [14,23]. Even though almost all organs can be affected

melanoma metastases most frequently occur in the skin, lung, brain, liver, bone, and

intestine [8, 24].

4.1.2 Melanoma treatment options

Due to its complexity and heterogeneity malignant melanoma is very aggressive. There-

fore, there is a constant need for improvement of existing and development of new treat-

ment strategies. Over the past years, several new therapeutic medications have been

approved by the US Food and Drug Administration (FDA) and the European Medicines

Agency (EMA), whose application depends on the cancer stage, location, genetic profile,

and the condition of the patient [25, 26]. Therapeutic options include surgical resec-

tion of the tumor and metastases, chemotherapy, radiotherapy, targeted therapy, and

immunotherapy [6, 25].

Surgery

For patients with no metastasizing melanoma, surgical resection of the primary tumor

is the primary treatment option. For primary melanoma it is considered as curative in

most cases [6]. According to the pathologic features of the tumor, the surgical procedure

differs. After evaluation of the excised tumor (thickness and lymph node biopsy) further

adjuvant treatment options are considered [25,27].

Chemotherapy

The earliest treatment option for advanced melanoma was chemotherapy. The drugs used

here are the alkylating agents dacarbazine or its prodrug temozolomide, which cause DNA

2



4 INTRODUCTION

damage that kills cancer cells. However, these chemotherapeutic drugs do not improve

the overall survival (OS) of advanced melanoma patients [25, 27]. Also the combination

chemotherapy with cisplatin, a DNA replication inhibitor, vinblastine, a mitotic inhibitor,

and dacarbazine does not improve the OS [27, 28]. Therefore, they are used as palliative

treatment options for late stage melanoma patients where no other therapeutic options

are available [6, 29].

Radiotherapy

Although melanoma is generally considered a radiation-resistant cancer because of its

intrinsic DNA damage repair mechanisms, there are some circumstances where radiother-

apy is applied. These circumstances include adjuvant treatment after surgical removal of

lymph node metastases and palliative treatment in late-stage melanoma [6,30,31].

Targeted therapy

The discovery of driver mutations in melanoma enabled the development of therapies tar-

geting the mutated proteins with small molecule inhibitors. The most frequent mutation in

melanoma is BRAFV600E leading to a constant activation of the MAPK pathway [16]. This

results in increased growth and proliferation of the cancer cells [25]. This hyperactivation

can be successfully inhibited by the selective BRAF inhibitors vemurafenib (PLX4032)

and dabrafenib (GSK2118436), approved by the FDA in 2011 and 2013, respectively.

The application of these drugs led to remarkable response rates and improvement in the

OS [25,32,33]. Another possibility to target the MAPK pathway is to target MEK1/2, a

downstream target of BRAF and NRAS, with trametinib (GSK1120212, approved 2013)

or cobimetinib (GDC-0973, XL-518) [25,34]. Other molecular targets for drug inhibition

are the tyrosine-kinase c-KIT (imatinib) and the PI3K-AKT-mTOR pathway (rapamycin,

temsirolimus) [27, 32, 34]. For further constant improvement of targeted therapies, the

FDA approved combination targeted therapies, which showed greater efficacy than the

monotherapies in patients with metastatic melanoma [34–36]. Unfortunately, besides all

the promising effects of targeted therapies, patients acquire resistances against the drugs

used [37]. The resistance can result from e.g. i) reactivation of the MAPK pathway

through further mutations in NRAS or MEK1, or BRAF amplification, ii) modulations in

the apoptotic pathway or cell cycle, iii) tumor heterogeneity, iv) alterations in the drug

transport system [25, 34, 37, 38]. Therefore, it is important to understand the molecular

mechanisms underlying melanoma development and develop novel strategies to overcome

drug resistance.
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Immunotherapy

Immunotherapy is a treatment approach where the immune system of the patient is

directed to the tumor to recognize and eradicate it. The first immunotherapeutic ap-

proaches were performed with interferon (IFN) α-2b (FDA approved 1995), peginterferon

α-2b (Peg-IFN, approved 2011), and interleukin-2 (IL-2, approved 1998). These cytokines

showed immunostimulatory effects but also heavy adverse effects. Despite these adverse

effects, cytokine-based immunotherapies are still used in combination with other therapy

approaches (ClinicalTrials.gov) [25, 27, 39, 40]. Other immunotherapy approaches target

immunosuppressive mechanisms. In 2011, ipilimumab, which acts as an anti-CTLA-4

antibody, was approved by the FDA [25]. Cytotoxic T lymphocyte associated antigen

4 (CTLA-4) is an inhibitory checkpoint receptor that blocks T cell activation and thus

helps to keep the balance between immune activation and tolerance [25,27,40]. Blocking

the inhibitory signal of CTLA-4 through ipilimumab allows cytotoxic T cells to attack

the tumor cells [25, 27, 40–42]. Another inhibitory immune checkpoint regulator is pro-

grammed cell death protein 1 (PD-1). PD-1 receptor is present on the surface of activated

T cells and is activated upon binding to the PD-1 ligands PD-L1 or PD-L2 present on the

surface of various cancer cells. Interaction of PD-1 with its ligand PD-L1/2 leads to T

cell suppression [25,27,40,43]. The anti-PD-1 antibodies nivolumab (approved 2014) and

pembrolizumab (approved 2015) inhibit the interaction between PD-1 and PDL-1/2 and

lead to an immune response and anti-tumor activity reducing tumor progression, with

relative mild adverse effects [25, 27, 34, 40, 43–46]. Recently (in 2022), the FDA approved

the combination treatment of nivolumab and relatlimab, a lymphocyte-activation gene

3 (LAG-3) inhibitory antibody [47]. LAG-3 is expressed on the cell surface of immune

cells, including activated T cells, and negatively influences T cell function and CD4 T cell

activation [48–50]. The combination treatment of relatlimab and nivolumab significantly

improved the median progression-free survival compared to nivolumab monotherapy. This

study validates the inhibition of LAG-3 as the third immune checkpoint inhibition with

clinical benefit [51]. Other immunotherapy options are oncolytic virus therapy (approved

2015), development of vaccines (gp100 peptide, toll-like receptor (TLR) agonists), and

adoptive T cell therapy (administration of melanoma-specific T cells) [52–55].

4.1.3 Melanoma immune evading mechanisms

It is known that cancer cells permanently adapt to the host defense mechanisms by path-

way alteration. Hanahan and Weinberg divided these cancer abilities into several cate-

gories of adaptation mechanisms called "The Hallmarks of Cancer": maintaining prolifer-
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ative signaling, inducing angiogenesis, escaping growth suppressors, enabling replicative

immortality, resisting cell death, activating invasion and metastasis, deregulating cellular

energetics, tumor-promoting inflammation, genome instability and mutation, and avoid-

ing immune destruction [56]. During the last years, studying the mechanisms of immune

evasion more and more became the focus of attention. Also in melanoma immune evad-

ing pathways have been discovered. The microenvironment of melanoma contains a great

number of immune-suppressive immune cells like regulatory T cells (Tregs), myeloid-

derived suppressor cells (MDCS), and tumor-associated macrophages (TAMs) [6]. CD4+

Tregs, under normal conditions, help to prevent damage to the host by an overactive

immune response [6, 57]. This immune suppressing effect of Tregs can be induced by (i)

release of inhibitory cytokines, (ii) induction of cytolysis, (iii) metabolic disruption of im-

mune cells, and (iv) targeting dendritic cells in their maturation and/or function [6,57,58].

Other cells in the melanoma microenvironment are MDSCs. These cells originate from

myeloid cells which are found in the bone marrow and are a major component of the

innate immune system. They protect the host from pathogens by phagocytosis and the

secretion of inflammatory cytokines [6,59]. An increase in MDSCs leads to melanoma pro-

gression, reduced cytotoxic T cell function, and can be used as a prognostic factor [60–62].

Another significant component of the melanoma microenvironment are TAMs which de-

velop from monocytes and exert immunosuppressive functions like the expressing immune

checkpoint modulators and producing immunosuppressive chemokines and matrix metal-

loproteinases [63–66].

Besides the immunosuppressive function of components of the melanoma microenviron-

ment, also dysregulation of pathways involved in activating cytotoxic T cells contributes

to an immunosuppressive milieu. One of this pathways is the antigen processing and

presentation by the major histocompatibility complex class I [9].

4.2 Major histocompatibility complex (MHC) class I

The major histocompatibility complex (MHC) class I plays an important role in the

immune system [67]. It is present in all nucleated cells and its purpose is to present

intracellular peptides on the cell surface, which are recognized by CD8+ T cells leading

to their activation [67, 68]. MHC class I molecules consist of one heavy chain (HC) and

the invariable light chain β2-microglobulin (B2M) [69]. The extracellular part of the HC

folds into three domains called α1, α2, and α3, where the α1 and α2 domains form the

peptide-binding cleft and the α3 domain anchors the molecule to the plasma membrane

(Fig. 1) [70, 71]. In most vertebrate species, the HCs are encoded by three genes, which
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are highly polymorphic. In humans these three genes are HLA-A, HLA-B, and HLA-

C (HLA; human leukocyte antigens) [68]. The polymorphism of these genes affects the

composition of the peptide-binding groove and thus influences the variety of peptides

presented to CD8+ T cells on the cell surface [67].

Fig. 1: Schematic representation of the MHC class I complex.
The heterodimeric MHC class I molecule consists of a heavy chain (HC) and an invariable light chain;
β2-microglobulin. The extracellular part of the HC folds into three domains (α1, α2, α3) encoded by the
HLA genes. The α1 and α2 domains form the peptide-binding cleft while the α3 domain anchors the
molecule to the plasma membrane. Figure adapted from Schumacher et al., Proteomics [71].

4.2.1 MHC class I antigen processing and presentation

The process that leads tot he presentation of proteins by MHC class I can be divided into

4 steps, as can be seen in Fig. 2: 1) peptide generation by proteasomes and trimming by

peptidases, 2) transport of the peptides to the endoplasmic reticulum (ER), 3) assembly

of the MHC class I complex and peptide loading, and 4) antigen presentation via MHC

class I on the cell surface [72].
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Fig. 2: MHC class I complex assembly and antigen presentation in four steps.
The process of MHC class I assembly and antigen presentation on the cell surface can be divided into
four steps: (1) peptide generation through proteasomal degradation and further peptide trimming by
peptidases, (2) peptide transport into the the ER by TAP1 and TAP2, (3) loading of optimally trimmed
peptides onto MHC class I molecules with the help of tapasin, calreticulin, ERp57 and calnexin or further
trimming of suboptimal peptides by ERAP1-2, and (4) antigen presentation via MHC class I on the cell
surface. Figure adapted from Leone et al., JNCI [72].

Peptide generation and trimming

Under normal cellular conditions, proteins undergo a permanent turnover of degradation

and new synthesis. Two different proteolytic pathways are responsible for the degradation

of most proteins: the lysosomal pathway and the ubiquitin-proteasome pathway [72, 73].

The peptides generated in the ubiquitin-proteasome pathway are presented by MHC class

I molecules [72, 74]. Proteins degraded through this pathway include cytosolic proteins
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like short-lived regulatory proteins, and damaged, misfolded, mutated, or virus-derived

proteins [72, 75–77]. To target these proteins for degradation through the ubiquitin-

proteasome pathway, they are tagged with multiple copies of ubiquitin to a free amino

group of a lysine residue [72]. These ubiquitinated proteins pass through the activated

proteasome where they unfold, spread along the proteasome, and are deubiquitinated.

Then, these proteins are cleaved within the proteasome into peptides ranging from 2-25

residues and released into the cytosol [68,72]. These cytosolic peptides are further cleaved

by enzymes in the ER, to fit into the peptide-binding groove of MHC class I complex

molecules [72,78–80]. One of these enzymes is ERAP1 (Endoplasmic reticulum aminopep-

tidase 1), an ER aminopeptidase. Because of its substrate preference it is determined as

a "molecular ruler" [81]. ERAP1 spares the peptides of 8-9 residues, which is the typ-

ical size for MHC class I binding, and trims peptides of 9-16 residues [72, 81]. ERAP1

preferentially trims peptides with hydrophobic C-termini and is induced by IFNγ [81,82].

Peptide transport into the ER

After their generation in the cytosol by proteasomes, peptides are transported into the

ER by the ATP-dependent TAP complex (transporter associated with antigen processing)

[83–85]. It is a heterodimeric complex composed of TAP1 and TAP2, which both belong

to the ATP-binding cassette transporter family [72, 86]. The transmembrane pore in the

ER membrane, which is formed by TAP1 and TAP2, opens and closes depending on ATP

binding and hydrolysis [72, 83, 84, 87]. TAP most efficiently transports peptides with a

length of 9-16 residues [81, 88]. Peptides, which are too long and therefore do not fit

into the MHC class I binding groove, can be cleaved in the ER lumen or are transported

back into the cytosol where additional trimming is performed by cytosolic peptidases.

Afterwards these peptides can be transported back into the ER in a TAP-dependent

manner and are loaded onto MHC class I molecules [72,89].

Peptide loading onto MHC class I

After the transport of the petides through the TAP complex into the ER, the peptides

associate with nascent MHC class I molecules and B2M [69,72]. This is facilitated with the

help of the chaperone proteins tapasin, calnexin, calreticulin, and the thiol oxidoreductase

ERp57 [72, 90]. These chaperones together with TAP and MHC class I molecules form

the peptide loading complex (PLC) [72]. Newly synthesized MHC class I HC located in

the ER carry a Glc1Man9GlcNAc2 glycan which is recognized by calreticulin and calnexin

[72,91,92]. MHC class I HC interacts with calnexin, which together with ERp57 ensures

correct folding and oxidation of the HC and therefore enables the binding of B2M to the
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HC [72, 90, 93–95]. The binding of B2M leads to the release of calnexin resulting in a

conformational change that creates an "open" form of the HC/B2M heterodimer, which is

highly unstable [72,90,95]. The dimer is stabilized by the binding of tapasin, calreticulin,

ERp57, and TAP [72, 90, 96]. Tapasin connects MHC class I molecules to TAP, which

transports the peptides, destined to be loaded onto empty MHC class I molecules, into

the ER [72, 90, 96, 97]. Additionally, tapasin is indispensable for the stabilization of the

HC/B2M heterodimer and for optimized peptide loading [72, 98–100]. The interworking

proteins, multimeric protein complexes, and organelles mentioned above represent the

MHC class I antigen processing and presentation machinery (APM) [72].

Antigen presentation

After successful loading of the peptide into the MHC class I groove, the chaperones are

released and the MHC class I-peptide complex is packed into vesicles. These vesicles exit

the ER, are transported through the Golgi apparatus, and migrate to the cell membrane.

Arriving at the cell membrane, the vesicular membrane fuses with it. This fusion results

in the presentation of the MHC class I-peptide complex to the extracellular space, where

it can be recognized and bound by the T cell receptor of CD8+ T cells. CD8+ T cells

are important for the eradication of intracellular pathogens and also have antitumoral

function [72]. Therefore, impaired expression and function of the APM components can

contribute to tumor development and progression [101,102].

4.2.2 MHC class I in cancer

MHC class I presents peptides processed within the cell as antigenic information on the

cell surface. This enables CD8+ T cells to identify cells expressing abnormal proteins,

such as cancer cells. Therefore, there is a need for cancer cells to avoid elimination by

CD8+ T cells in order to survive. Since MHC class I molecules are not necessary for cell

survival, a mechanism of cancer cells to escape immune control is to lose the APM. This

will not only impair the natural immune response but also affect immunotherapies, such

as checkpoint-blockade, that require the stimulation of CD8+ T cells [101].

Many different human cancer types have been reported to lose MHC class I molecule

expression including non-small cell lung, breast, prostate, and colorectal cancer, hepato-

cellular carcinoma, head and neck squamous cell carcinoma, and melanoma [101]. Since

MHC class I molecules alone are very unstable without chaperone- or peptide-binding

and held back in the ER, defects in the MHC class I pathway can occur during every

step of the assembly (e.g. proteasome, TAP, tapasin, ERp57, B2M) leading to loss of sur-
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face MHC class I [101]. Specifically in melanoma, defects in proteasomal subunits, TAP1

and TAP2, ERAP1 and ERAP2, and tapasin, as well as total loss of MHC class I have

been reported [72,103–114]. The deregulation of immunoproteasome subunits, TAP1 and

TAP2, as well as tapasin in melanoma has been found to be associated with defective

IFNγ signaling [108]. Also in melanoma, IFNγ signaling correlates with the response to

immunotherapy [101,115].

In all cells, MHC class I component expression and surface presentation can be restored

upon stimulation with IFNs, especially IFNγ [101, 116]. Under normal conditions, IFNs

are produced in response to infections and T cell responses to increase the possibility to

eradicate pathological cells [101]. IFNs bind to their receptor and stimulate the phospho-

rylation of JAK1 and JAK2 (Janus kinases). In turn, JAK1 and JAK2 phosphorylate the

transcription factor STAT1 (Signal transducer and activator of transcription 1). Phos-

phorylated STAT1 translocates into the nucleus and triggers the transcription of NLRC5

(NOD-like receptor family CARD domain containing 5) and IRF1 (interferon regulatory

factor 1) by binding to their promoter elements. NLRC5 and IRF1 then induce the

MHC class I APM gene transcription [101].

There is also potential to restore APM gene expression in tumors, where APM genes

are structurally intact but their expression is downregulated [101]. Studies showed that

MHC class I levels can be increased upon IFNγ treatment [117–119]. There exist recom-

binant type I and II IFNs that are approved by the FDA and work in vivo [101]. In a small

phase 2 trial, systemic administration of IFNγ induced MHC class I expression in two

patients with MHC class I negative melanoma [101,118]. Additionally, in a clinical trial in

melanoma, IFNγ administration improved the outcome of checkpoint blockade therapy.

However, it is not known to what extent this was due to MHC class I expression [101,120].

For cancers, where APM genes are not structurally intact due to deletions or inactivating

mutations in structural antigen presenting genes, e.g. β2-microglobulin, gene replace-

ment would be required to restore MHC class I presentation [101,121–123]. For restoring

MHC class I antigen presentation in cancers that have activated epigenetic silencing mech-

anisms, these repressive epigenetic marks needs to be reversed [101, 113, 124, 125]. Also

microRNAs can reduce MHC class I antigen presentation and are therefore a possible

therapeutic target [101, 126, 127]. Furthermore, inhibition of enzymes leading to the loss

of MHC class I antigen presentation could be another option of restoring MHC class I

antigen presentation [101, 128–130]. Studying the various mechanisms that can lead to

the loss of MHC class I antigen expression and the identification of potential therapeutic

targets to reverse this loss are crucial to restore immune control and improve T cell-based
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immunotherapy [101].

4.3 Secretogranin 2 (SCG2)

SCG2 is also called chromogranin C. Its gene is located on chromosome 2q35-2q36 and

includes 2 exons, where exon 1 encodes 215 nucleotides of the 5’-UTR and exon 2 14

nucleotides of the 5’-UTR, the entire coding region as well as the 3’-UTR [131, 132].

SCG2 has a size of 71 kDa and is synthesized as a 617-amino-acid preproprotein. It can

be endoproteolytically cleaved by prohormone convertases at 9 different sites character-

ized by two sequential basic amino acids. This results in intermediate-sized proteins and

the bioactive peptides secretoneurin (SN), EM66, and manserin (Fig. 3) [131, 133–135].

Together with chromogranin A (CgA) and B (CgB), SCG2 belongs to the granin fam-

ily [136–138]. These proteins are part of the neuroendocrine system and play a crucial role

in secretory granule formation and biogenesis [131, 136, 138]. Chromogranins and Secre-

togranins have many characteristics in common, which include an acidic isoelectric point,

the ability to bind calcium, the tendency to form aggregates, and they carry many dibasic

cleavage sites. Besides CgA, CgB, and SCG2, also other granin family members exist:

SCG3 (secretogranin 3), 7B7, NESP55, VGF, and ProSAAS. Many of these proteins are

synthesized as precursors of biologically active peptides which are part of a broad range

of different pathways ranging from pain and inflammatory pathways, over metabolic and

mood disorders, to blood pressure regulation [131].

Granins, as SCG2, are synthesized at the rough ER and transported into the ER cisternae

through a N-terminal signaling sequence. Afterwards, granins are transported from the

ER to the Golgi through transport vesicles [131,139]. In the TGN (trans Golgi network)

they are packed, together with prohormones and their corresponding processing enzymes,

into immature granules. Within these immature granules, granins are partially processed

into biologically active peptides. After maturation of the immature granules, they are

stored and released upon stimulation [131,140]. An important step in the sorting process

of granins into secretory granules is the formation of aggregates in the TGN. After aggre-

gation, membrane binding proteins bind to the sorting signals on the granins for correct

sorting [131, 141–143]. It has been shown that SCG2 has targeting signals at the C- and

N-terminus, which can act independently and each of them is sufficient to sort SCG2 into

secretory granules in PC12 cells [131,143]. It also has been found that SCG2 can bind to

SCG3, which raises the posibility that SCG2 is sorted into secretory granules via TGN

membrane-anchored SCG3 [131,144]. Besides its role in the formation of secretory gran-

ules, SCG2 also plays a role as a biomarker in cardiovascular diseases and hypertension,
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inflammatory diseases, neurodegenerative and neuropsychiatric diseases, and also some

cancer types [131].

Fig. 3: Schematic representation of SCG2 protein structure and active peptides.
Black line represents full length secretogranin 2 protein; orange square, the signal peptide; green square,
secretoneurin; grey square, EM66; blue square, manserin. N, N-terminus; C, C-terminus. Figure adapted
from Montero-Hadjadje et al., Acta Physiol (Oxf); Guillemot et al., J Mol Endocrinol; and UniProt
(https://www.uniprot.org/uniprot/P13521, accessed March 2022.) [137,145].

4.3.1 SCG2 in cancer

The proteolycally processed peptides of SCG2 can be used to identify endocrine tumors.

SN, for example, is considered a specific marker for pancreatic tumors, and EM66 helps

to discriminate benign from malignant pheochromocytoma [131,146–148]. For neuroblas-

toma cells it was found that SCG2 protects them from nitric oxide-induced apoptosis [149].

In colorectal cancer, high expression of five stroma-related genes including SCG2 was as-

sociated with poorer survival of the patients [150]. In another study a five-gene signature

including SCG2 was identified as a prognostic factor in colorectal cancer. Patients with

a high expression of this five-gene signature showed a poorer survival compared to pa-

tients with a lower expression [151]. On the other hand, a recent study in colorectal

cancer showed that ectopic SCG2 expression inhibits colorectal cancer tumor growth in

mice and therefore it is suggested to use SCG2 expression in colorectal cancer tumor cells

as a positive prognostic marker [152]. In the same study, it was also found that SCG2

inhibits tumor angiogenesis, although this finding was inconsistent with previous studies

on endothelial cells [152–154]. The role of SCG2 in prostate cancer was also addressed in

several studies revealing a correlation between SCG2 expression levels and prostate cancer

progression as well as an increased proliferative behavior [136]. Additionally, in melanoma

it has been found that SN, the cleavage product of SCG2, plays a role in the induction of a

more migratory behavior [155]. Another, more recent study on melanoma discovered that

SCG2 accumulated in vesicle-like structures in the perinuclear region upon SCG2 over-
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expression, which might lead to an activation of the secretory machinery resulting in the

secretion of protumorgenic factors. In the same study it could also be shown that SCG2

might be a prognostic factor in melanoma, since SCG2 expression was highly increased in

clinical samples belonging to patients with metastases and low survival rate [156]. Based

on these previous findings, the role of SCG2 seems to be cancer and cell type-specific.

Therefore, it is important to further study the role of SCG2 in cancer.
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5 Research Objective

In this thesis, I aimed at investigating the SCG2-driven mechanisms in melanoma, with

particular emphasis on the role of SCG2 in MHC class I assembly and presentation.

In more detail, my aims were to:

• Evaluate the influence of SCG2 on melanoma patient survival and to compare its

expression between normal skin and melanoma.

• Investigate the role of SCG2 in melanoma progression with the focus on cell cycle

analysis.

• Examine the influence of SCG2 on the expression of some components of the APM

and subsequently on the cell surface levels of the MHC class I complex and to see

if this has an influence on the sensitivity towards cytotoxic T cells.
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6 Materials

6.1 Reagents and Kits

Product Company Catalog No.

Adhesive clear qPCR seals Biozyme 600238

Agarose NEEO Ultra

Quality

Carl Roth 2267.4

Ampicillin Carl Roth HP62.1

BSA-Powder, Albumin

Fraction V

Carl Roth 8076.2

BstBI (10 U/L) Thermo Fisher Scientific IVGN0886

cOmplete Mini Protease

Inhibitor Cocktail

Roche Diagnostics 04693159001

DAPI Roche 10236276001

DH5α Competent Cells Thermo Fisher Scientific 18265017

Endofree Plasmid Maxi

Kit

Qiagen 12362

Immobilon PVDF

(polyvinylidene difluo-

ride) membrane, 0.45µM

Merck Millipore IPVH00010

LB-Medium Carl Roth X964.2

Luminata Forte Western

HRP Substrate

Merck Millipore WBLUF0500

Midori Green Advance Nippon Genetics mg-04

NuPage™ gels 4-12% Bis-

Tris Protein,1 mm x 10

well

Invitrogen NP0321BOX

NuPage™ gels 4-12% Bis-

Tris Protein,1 mm x 15

well

Invitrogen NP0323BOX

NuPage™ LDS Sample

Buffer (4x)

Thermo Fisher Scientific NP0008

NuPAGE™ MOPS SDS

Running buffer (20x)

Invitrogen NP0001
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NuPage™ Sample Reduc-

ing Agent (10x)

Thermo Fisher Scientific NP0004

O’GeneRuler 1 kb DNA

Ladder

Thermo Fisher Scientific SM1163

O’GeneRuler 100bp DNA-

Ladder

Thermo Fisher Scientific SM1143

PageRuler Plus Prestained

Protein Ladder

Life Technologies 26619

Paraformaldehyde Sigma-Aldrich P6148-1KG

Pierce BCA Protein Assay

Kit

Thermo Fisher Scientific 23225

Platinum Taq Polymerase Thermo Fisher Scientific 10966034

Propidium iodide (PI) BD Biosciences 51-66211E (sold as 556463)

Proteome Profiler Human

Cytokine Array Kit

R&D systems ARY005B

PhosSTOP™ Phosphatase

inhibitor Cocktail

Roche Diagnostics 04906845001

Qiaprep Spin Miniprep Kit Qiagen 27106

Recombinant Human

IFNγ

Peprotech AF-300-32

Restore™ PLUS Western

Blot Stripping Buffer

Thermo Fisher Scientific 46430

RevertAid First strand

cDNA Synthesis Kit

Thermo Fisher Scientific K1622

RIPA Sigma-Aldrich R0278

Rnase-Free Dnase Set Qiagen 79254

RNeasy Plus Mini Kit Qiagen 74136

Skim milk powder Gerbu Biotechnik 1602,1000

SOC Outgrowth Medium New England BioLabs (B9020S)

SYBR Green PCR Master

Mix

Applied Biosystems 4309155

T4 Ligase Life Technologies EL0011

TritonX-100 Carl Roth 3051.4

Tween® 20 Merck 10017805
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Qiaprep Spin Miniprep Kit Qiagen 12583

Venor Gem Classic Myco

PCR Kit

Minerva Biolabs 11-1100

XhoI (10 U/L) Thermo Fisher Scientific ER0691

X-treme GENE® 9 DNA

Transfection Reagent

Roche Diagnostics 06365787001

6.2 Reagents for cell culture

Product Company Catalog No.
2-Mercaptoethanol Gibco®Life Technologies 31350010
Blasticidine Sigma-Aldrich 15205
Dimethyl sulfoxide
(DMSO)

Carl Roth A994.2

Dulbeccos’s Modified
Eagle Medium (DMEM),
high glucose

Gibco®Life Technologies 41965-039

Fetal Calf Serum (FCS) Biochrom S0115
IFNγ Peprotech AF-300-02
Non-essential amino acids
(NEAA)

Sigma-Aldrich M7145

Phosphate-buffered saline
(PBS)

Sigma-Aldrich D8537

Penicillin/Streptomycin Sigma-Aldrich P4333
Polybrene Infec-
tion/Transfection Reagent

Sigma-Aldrich TR-1003-G

Puromycin Carl Roth 240.1
Trypan blue solution Sigma-Aldrich 93595
Trypsin-EDTA Sigma-Aldrich T3924

6.3 Human cell lines

Cell line Source Cell type Mutation

C32 ATCC Melanoma cell line BRAF V600E

HEK293T ATCC Embryonic kidney

cells

WT

HT144 ATCC Melanoma cell line BRAF V600E
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T cells (MART-1-

specific)

Provided by the

Joint Immunother-

apeutics Labo-

ratory, German

Cancer Research

Center (DKFZ),

Heidelberg. Gener-

ated according to

Johnson et al., J

Immunol [157].

T cell line -

WM266-4 ATCC Melanoma cell line BRAF V600D

6.4 Antibodies

Specificity Source Company Catalog No.

Anti-rabbit IgG,

HRP-linked anti-

body

goat Cell signaling 7074

APC anti-human

HLA-A,B,C anti-

body

mouse BioLegend 311410

B2M (D8P1H) rabbit Cell signaling 12851

Calnexin (C5C9) rabbit Cell signaling 2679

Calreticulin

(D3E6) XP®

rabbit Cell signaling 12238

Chromogranin C

(SCG2)

rabbit GeneTex GTX54665

GAPDH (14C10) rabbit Cell signaling 2118

Stat1 (D1K9Y) rabbit Cell signaling 14994

pStat1 (Y701)

(D4A7)

rabbit Cell signaling 7649

TAP1 (E4T4F) rabbit Cell signaling 49671

TAP2 rabbit Cell signaling 12259
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Tapasin (E6P2Z)

XP®

rabbit Cell signaling 66382

6.5 Plasmids

Name Source

pCMV-dR8.91 (Packaging) Konrad Hochedlinger (Harvard, Boston,

USA)

pCMV-VSV-G (Envelope) Addgene No.8454

pLEX980 empty vector obtained from pLEX980-hSCG2 by re-

moving hSCG2

pLKO.1-puro non-targeting Addgene No.1864

pLEX980-hSCG2 obtained from pLEX980-SETDB1

(obtained from Craig Ceol, Chil-

dren’s Hospital Boston, USA) by

replacing SETDB1 with human SCG2

(NM_003469, SC117954, ORIGENE)

SCG2 shRNA TRCN0000055605 (Sigma-Aldrich)

6.6 Primers

Amplification

target

Forward Sequence Reverse Sequence

B2M GAGGCTATCCAGCGTACT

CCA

CGGCAGGCATACTCATCT

TTT

CALR CCTGCCGTCTACTTCAAG

GAG

GAACTTGCCGGAACTGAG

AAC

CANX CCAAGGTTACTTACAAAG

CTCCA

GGCCCGAGACATCAACAC

A

SCG2 AGCCGAATGGATCAGTGG

AA

GATGGTCTAAGTCAGCCT

CTGAGA

STAT1 ATCCTCGAGAGCTGTCTA GCCAGGTACTGTCTGATT

TAP1 CTGGGGAAGTCACCCTAC

C

CAGAGGCTCCCGAGTTTG

TG
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TAP2 CACCTACACCATGTCTCGA

ATC

AGTTACTCATCAGGGTGG

TATCC

TAPBP TGGACCGGAAATGGGACC CCCCAGAAGGGTAGAAGT

GG

18S GAGGATGAGGTGGAACGT

GT

TCTTCAGTCGCTCCAGGT

CT

6.7 Solutions and Buffers

Name Composition

Blocking Buffer (BSA)
5% BSA

1x TBST

Blocking Buffer (milk)
5% Skim milk powder

1x TBST

Cell freezing medium

80% FCS

20% DMSO

mixed 1:2 with MEF medium

Cell lysis buffer for protein isolation

1x PhosSTOP

1x cOmplete mini protease inhibitor

cocktail

RIPA

FACS Buffer

PBS

1% BSA

0.05% sodium azide

LB medium
20g LB-Medium

1l H2O

MEF medium

DMEM+GlutaMAXX

10% FCS

1% penicillin/streptomycin

1% NEAA

0.1 mM 2-Mercaptoethanol

10x TBS (pH 7.6)

150mM NaCl

50mM Tris

dH2O
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Transfer Buffer (pH 8.3)

25mM glycine

190mM Tris

20% SDS

20% methanol

dH2O

Washing Buffer (1x TBST)
0.02% Tween® 20

1x TBS

6.8 Equipment

Product Company

15 ml and 50 ml Tubes Falcon

6 Well Multi Well Plates Greiner Bio-One

5, 10, 25 ml Pipettes Corning

8 Well Culture Slide Falcon

AB 7500 Real-Time PCR Machine Applied Biosystems

CELLSTAR® Cell Culture Flask Greiner Bio-One

Centrifuge 5810 R Eppendorf

ChemiDoc™ Touch Imaging System Bio-Rad

Cryotubes, 1,8 ml external thread Thermo Fisher Scientific

FacsCanto II BD Biosciences

Facs Tubes NeoLab

Hemocytometry Neubauer

Leica DM LS light microscope Leica

LSR Fortessa HTS BD Biosciences

MicroAmp Optical 96 Well Plate qPCR Thermo Fisher Scientific

Microplates 96 Well Falcon

Nanodrop Spectophotometer ND-1000 Peqlab Biotechnologie GmbH

Nikon Eclipse Ti Fluorescence Micro-

scope

Nikon

Rotilabo®-syringe filters, 0,22 µm Carl Roth

Rotilabo®-syringe filters, 0,45 µm Carl Roth

Table Centrifuge 5418 R Eppendorf
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Tecan Infinite F200 PRO Tecan

Thermomixer compact Eppendorf

xCELLigence E-Plate 96 PET Agilent

xCELLigence RTCA MP analyzer ACEA Bioscience

xCELLigence RTCA MP workingstation ACEA Bioscience

6.9 Software tools

Name Source

7500 Software v2.0.5 Applied Biosystems

ApE M. Wayne Davis (Open Source)

Aperio ImageScope 12.1 Aperio Technologies

Chipster Chipster Open source

EndNote Clarivate Analytics

FlowJo 7.2.2 FlowJo

GraphPad PRISM GraphPad software

i control 1.10 TECAN

ImageJ National Institute of Health

Image Lab™ Software 6.0.1 BioRad

Microsoft Office 2019 Microsoft

NDP.view 2 Hamamatsu

NIS-Element Nikon

TexMaker Pascal Brachet
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7 Methods

7.1 Cell Culture

All cell lines were cultured in DMEM (Gibco, Life Technologies) containing 10% heat-

inactivated FCS (Biochrom), 1% penicillin/streptomycin (Sigma-Aldrich), 1% NEAA

(Sigma-Aldrich), and 0.1 mM β-mercaptoethanol (Gibco, Life Technologies). Cells were

stored in an incubator with 37◦C, 5% CO2, and 95% humidity.

Experiments were performed when cells reached about 80% confluency. Firstly, cells were

washed with PBS (Sigma-Aldrich) to remove debris and dead cells followed by trypsiniza-

tion with trypsin-EDTA (Sigma-Aldrich). Next, detached cells were stained with try-

pan blue solution (Sigma-Aldrich) and viable cells were counted with a hemocytometer

counting chamber. Afterwards, cells were seeded at specific densities according to the

experiment planned. For long term storage, cells were resuspended in freezing medium

(FCS + 20% DMSO) and stored at -80◦C or in liquid nitrogen. Cell identity was verified

using a multiplex cell line authentication test (MCA; Multiplexion GmbH). Also, cells

were tested for mycoplasma contamination on a regular basis using Venor®GeM Classic

Mycoplasma detection kit (Minerva Biolabs).

7.2 IFNγ stimulation

One day before treatment 2x105 cells/well were seeded in a 6 well plate. The next day,

cells were treated with 10 ng/ml IFNγ. After 24h, cells were treated again and 48h after

the first treatment cells were harvested.

7.3 Transduction with lentiviral particles

For lentiviral particle production HEK293T cells were used. Before transfection, cells

were grown to a density of 60%. For transfection, 11 µg of the plasmid of interest were

mixed with the packaging plasmids pCMV-VSV-G (5.5 µg), pCMV-dR8.91 (8.25 µg),

and X-treme GENE® (Roche) solution in pure DMEM. The mixture was added to the

HEK293T cells after 30 min of incubation at room temperature (RT). After 12h, super-

natant was discarded and new medium was added. After 24, 36, and 48h supernatant

containing lentiviral particles was collected and filtered through a 0.45 µm PVDF fil-

ter (Carl Roth). The virus suspension was used to infect melanoma cells or stored at

-80◦C. For infection, melanoma cells were cultured in transduction medium containing

50% medium and 50% virus suspension. To increase the transduction efficiency, 8 µg/mL
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polybrene (Sigma-Aldrich) were added. After 24h, cells were re-infected with new trans-

duction medium without adding polybrene. 48h after the first infection, cells were washed

three times with PBS and cultured in their culturing medium. In order to remove the non-

transduced cells, cells were selected in medium containing 0.5-1 µg/mL puromycin (Carl

Roth) or 10-15 µg/mL blasticidine (Sigma-Aldrich) according to the resistance gene. Cells

were selected for about 3 days until non-transduced control cells completely died. Ac-

cording to the safety instruction, lentivirus production, collection, storage, and infection

of cells were performed in a biosafety level II laboratory.

7.4 Western Blot

For protein extraction, cells were harvested and washed once with PBS. Cells were then

resuspended in RIPA buffer containing 1x Complete Mini Protease Inhibitor Cocktail

(Roche) and 1x of PhosphoSTOP (Roche). Cells were lysed for 30 min on ice and af-

terwards centrifuged for 20 min at 15000 rpm and 4◦
C. Supernatant containing isolated

proteins was collected and stored at -80◦
C. Protein concentrations were determined using

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific), according to manufacturer’s

instructions.

Depending on the protein concentration, 20-30 µg protein were loaded onto NuPAGE™

Novex™ 4-12% Bis-Tris Protein gels (Thermo Fisher Scientific) to separate proteins by

size via electrophoresis. After the run, proteins were transferred onto PVDF membranes

(Merck Millipore). Then, membranes were blocked in 5% milk or 5% BSA for 1h at RT

to avoid unspecific binding of the antibodies. Subsequently, membranes were incubated

with specific primary antibodies, diluted in the blocking buffer, over night at 4◦
C on a

shaker. The following day, membranes were washed three times with 1x TBST to remove

excess of primary antibody. Then, membranes were incubated with the suitable HRP-

conjungated secondary antibody diluted in the blocking buffer for 1h at RT. For protein

detection, membranes were washed again three times with 1x TBST and then exposed to

Luminata Forte western HRP substrate (Merck Millipore). Images were acquired using

ChemiDoc™ Touch Imaging System (BioRad) and analyzed by ImageJ software (NIH)

and Image Lab (BioRad).

7.5 Tissue microarray (TMA) staining

Human tissue samples from healthy donors and melanoma patients were processed to

TMA samples as previously described in Wagner et al., 2015 [158]. Tissue samples were
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stained with antibodies against SCG2. As a positive control, TMAs were stained with

an antibody against S100β. For digitalization, stained TMAs were scanned by the NCT-

Gewebebank facility at the pathology unit, University of Heidelberg. The sections were

examined independently by two persons, which scored the images according to the im-

munohistochemistry score system (score range: 0–12) [158]. Declaration of consent was

performed based on the ethical votes 2010-318N-MA and 2014-835R-MA (ethics commit-

tee II of Heidelberg University, Germany) and was received from all patients included in

the study.

7.6 Ribonucleic acid (RNA) isolation

For RNA isolation, cells were harvested and washed once with PBS. Total RNA was

isolated using RNeasy Mini Kit (Qiagen), according to manufacturer’s instructions. To

avoid contaminations with genomic DNA, an on-column DNase digest was performed

using RNase-Free DNase (Qiagen) for 15 min at RT. Quality and concentration of the RNA

were determined with NanoDrop ND1000 spectrophotometer (PEQLAB Biotechnologie

GmbH, Erlangen, Germany).

7.7 Complementary DNA (cDNA) synthesis and real time

quantitative PCR (qPCR)

For cDNA synthesis, 500 ng of total RNA were reversely transcribed using Revert Aid First

Strand cDNA synthesis kit (Thermo Fisher Scientific), according to the manufacturer’s

instructions. Resulting cDNA was diluted 1:10 in nuclease-free water before performing

real time quantitative PCR.

To determine mRNA (messenger RNA) expression levels, qPCR was used. For this pur-

pose, SYBR Green Master Mix (Applied Biosystems, Life Technologies) was mixed with

specific cDNA and specific primers able to amplify the mRNA of interest. All qPCR reac-

tions were run in technical triplicates on a 7500 Real-Time PCR System device (Applied

Biosystems, Life Technologies). For all experiments, 18S ribosomal RNA expression was

used as an endogenous control. Results were analyzed using the delta-delta Ct method.

A total of at least 3 independent experiments was used for statistical analysis.

7.8 Flow cytometry

Cells were harvested and washed three times with FACS buffer (PBS + 0.5% BSA +

0.05% sodium azide). Afterwards, cells were incubated with directly conjugated APC
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anti-human HLA-A, B, C antibody for 1h at 4◦
C. Next, cells were washed three times

and DAPI was added to later distinguish between live and dead cells while measuring.

Subsequently, cells were analyzed using a FacsCanto II (BD Biosciences) and results were

analyzed using the FlowJo software. The general gating strategy is shown in Supplemen-

tary Fig. S1.

7.9 Cell cycle analysis

Cells were cultured and harvested after reaching 80% confluency. Afterwards, they were

washed with ice-cold PBS. Next, cells were resuspended in PBS and 70% ethanol was

added dropwise while vortexing for fixation. Samples were stored for fixation at 4◦
C over

night. The next day, PBS was added and after centrifugation supernatant was removed.

Next, samples were treated with 0.5 mg/ml RNase A (diluted in PBS) for 20 min at 37◦
C.

Lastly, 40 µg/ml of propidium iodide (PI) were added and incubated for 30 min in the

dark at RT. Samples were analyzed by flow cytometry using an LSR Fortessa HTS (BD

Biosciences) and results were analyzed using the FlowJo software.

7.10 T cell cytotoxicity assay

10,000 cells/well were seeded on an xCELLigence E-Plate 96 PET (Agilent). The plate

was incubated in an xCELLigence RTCA MP working station (ACEA Bioscience) located

in an incubator. The working station was operated using the xCELLigence RTCA MP

analyzer (ACEA Bioscience). 24h later, 100,000 MART-1-(melanoma antigen recognized

by T cells 1) specific T cells were added to the cells. Killing was recorded by measuring

the change in the impedance of the plates. After 36h, recording was stopped and data

were analyzed using Prism 5.0 software (GraphPad). The optimal number of T cells used,

was determined by titration of different amounts (0; 6,250; 12,500; 25,000; 50,000; and

100,000) of MART-1-specific T cells at the 0h, 24h, and 36h time points (Supplementary

Fig. S2). Giovanni Mastrogiulio from the Joint Immunotherapeutics Laboratory at the

DKFZ assisted in performing this experiment.

7.11 Microarray gene expression profiling

Total RNA samples from EV (empty vector) and SCG2 OE (overexpression) cells were pro-

cessed by the Genomics and Proteomics Core Facility at the DKFZ by using the Clariom S

human v1 r1 assay (Affymetrix). Data were then analyzed by Thomas Hielscher from the

biostatistics division at DKFZ using the statistical software R 4.0 [159]. In short, he used

26



7 METHODS

the Affymetrix CEL files, which at first were RMA normalized, and log2-transformed the

expression values. Next, the empirical Bayes approach was used to identify differentially

expressed probe sets/genes between groups [160]. This method is based on moderated

t-statistics as implemented in the Bioconductor package limma [161]. The camera test

was used for the gene set enrichment analysis [162]. For pathway analysis, KEGG, Re-

actome, and gene ontology data bases were used [163–165]. The Benjamini-Hochberg

correction was employed for adjusting all p-values for multiple testing in order to control

the false discovery rate (FDR). Microarray results were uploaded to the GEO database

(GSE203179).

7.12 Bacterial transformation and plasmid isolation

For bacterial transformation and plasmid isolation, Stbl3 competent Escherichia coli

(E.coli) bacteria were used. 100 µl of Stbl3 were thawn on ice and about 10 µl of the

DNA of interest were added. The bacteria-DNA mix was then incubated 40 min on ice.

After a heat shock of 3 min at 42◦
C, the mix was incubated for another 10 min on ice.

Next, 500 µl SOC medium were added and the mix was incubated at 37◦
C for 1h under

constant shaking. For plating, 50 µl of the suspension were plated onto agarose plates

containing an antibiotic for selection. These plates were incubated over night at 37◦
C in

a bacterial incubator. The next day, 5-10 clones were picked and grown in LB-medium

containing the antibiotic for selection over night at 37◦
C under constant shaking. The

following day, DNA was isolated using the Qiaprep Spin Miniprep Kit (Qiagen) according

to the manufacturer’s instructions. To ensure that the isolated plasmid was the plasmid

of interest a restriction digest was performed and for further proof, the plasmid DNA

sequence sequenced (LGC Genomics). The bacteria carrying the plasmid of interest were

further cultivated in 200 ml LB-medium supplemented with the antibiotic for selection at

37◦
C over night. Using the Endofree Plasmid Maxi Kit (Invitrogen), plasmid DNA was

isolated the next day. The Kit was used according to the manufacturer’s instructions.

Lastly, the concentration and quality of the isolated plasmid DNA were determined using

the Nanodrop ND-1000.

7.13 Dataset analysis

Correlation of SCG2 with HLA-A, HLA-B, and HLA-C mRNA expression levels in mela-

noma from the GSE database (GSE7553) were analyzed [166]. The same expression data

from GSE database (GSE7553) were used for a comparison of SCG2 expression levels
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in normal skin, primary melanomas, and melanoma metastases. The mRNA expression

data were provided by R2 Genomics analysis and visualization platform (http://hgserver1.

amc.nl) accessed on 11th February 2022. Data for patient survival analysis were obtained

from DFCI, Nature Medicine 2019 (www.cbioportal.org) accessed 31st August 2021 [167].

7.14 Statistical analysis

Statistical analyses were performed using Prism 5.0 software (GraphPad). Experiments

were performed at least in triplicates if not mentioned otherwise. A two-tailed student’s

t test was performed to compare two groups and a one-way ANOVA (analysis of variance)

to compare multiple conditions and data sets. Furthermore, Spearman’s correlation was

employed to define the connection of two paramenters and the Kaplan-Meier method was

applied for survival analysis. All data are represented as mean ± SEM and statistical

significance is indicated with the p-value scale (*p<0.05; **p<0.01; ***p<0.001; “ns”

(not significant) p>0.5).
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8 Results

8.1 High intratumoral SCG2 expression negatively affects the

survival of melanoma patients

In order to investigate, if SCG2 expression levels have an influence on patient sur-

vival I analyzed data obtained from DFCI, Nature Medicine 2019 (n=121; Fig. 4A)

[167]. Patients with high intratumoral SCG2 expression (Log2 SCG2≥1) showed a ten-

dency towards lower survival rate (p=0.0531) than patients with lower SCG2 expres-

sion (Log2 SCG2<1). Next, I compared SCG2 expression levels in normal skin, primary

melanomas, and melanoma metastases using data from a GSE database (GSE7553) [166].

I found significantly higher SCG2 expression levels in primary melanomas and melanoma

metastases compared to normal skin (Fig. 4B). In addition to the data I obtained from

databases, I analyzed SCG2 expression in a cohort of late-stage melanoma patient spec-

imens with immunohistochemistry (IHC). The results were consistent with the survival

data obtained from DFCI, Nature Medicine 2019 [167], showing that patients with high

intratumoral SCG2 levels (SCG2 overall score>3) have a lower survival rate (p=0.0529)

than patients with low SCG2 levels (SCG2 overall score≤3; Fig. 4C). Moreover, patients

with high intratumoral SCG2 levels showed a significantly higher short-term survival

(<12 months), whereas patients with low SCG2 levels showed higher long-term survival

(≥12 months; Fig. 4D). Additionally, within this cohort of clinical specimens the compar-

ison of SCG2 IHC overall score for nevi, primary melanomas, and melanoma metastases

revealed higher SCG2 expression levels in primary melanomas and a tendency for a higher

expression in melanoma metastases (Fig. 4E). This finding verified the results from the

GSE database in Fig. 4B. Taken together, these data indicate a role of SCG2 in pri-

mary melanoma and melanoma metastases and therefore suggest that SCG2 might be a

promising prognostic factor in melanoma.
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Fig. 4: High intratumoral SCG2 expression negatively affects the survival of melanoma
patients.
A Kaplan-Meier curve comparing the overall survival of patients with metastatic melanoma (n=121) with
low intratumoral SCG2 expression (Log2 SCG2<1) and those with high intratumoral SCG2 expression
(Log2 SCG2≥1; p=0.0531). Expression data were obtained from DFCI, Nature Medicine 2019 [167].
B SCG2 expression levels (as log2) in normal skin (blue; n=5), primary melanomas (green; n=14),
and melanoma metastases (red; n=40). Data were obtained from a GSE database (GSE7553) [166].
C Kaplan-Meier survival analysis comparing patients with melanoma metastases with a high SCG2
immunohistochemistry (IHC) overall score (SCG2 overall score>3) to patients with a lower SCG2 IHC
overall score (SCG2 overall score≤3; p=0.0529). D Comparison of SCG2 IHC overall score of short-
term (<12 months) and long-term (≥12 months) surviving patients with melanoma metastases. E IHC
staining of SCG2 in patient samples from nevi (blue; n=16), primary melanomas (green; n=37), and
melanoma metastases (red; n=52). *p<0.05; ***p<0.001; “ns” refers to p>0.5. Parts of this figure have
already been published in Federico, Steinfass et al., Mol Ther Oncolytics [156].
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8.2 SCG2 OE does not affect melanoma cell proliferation

To investigate the effect of SCG2 overexpression (OE) on melanoma cells, I used lentiviral

transduction to generate SCG2 OE WM266-4 and C32 melanoma cells. As a control I

used the empty vector (EV). The OE was validated on mRNA and protein level by real-

time qPCR and western blot analysis, respectively (Fig. 5A). In WM266-4 melanoma

cells an almost 200-fold and in C32 melanoma cells an almost 1500-fold increase of SCG2

mRNA was detected after OE compared to EV. 18S was used as an endogenous control.

Densitometric analysis of the western blot revealed a 6.9-fold and 4-fold increase of SCG2

after OE compared to EV in WM266-4 and C32 melanoma cells, respectively. GAPDH

was used as a loading control.

Previous studies indicated that SCG2 might be a downstream target of the histone methyl-

transferase SETDB1 and SETDB1 OE has been associated with a more proliferative phe-

notype of melanoma [156, 168]. For this reason, I wanted to determine if this increased

proliferative effect also appears upon SCG2 OE. I performed cell cycle analysis using PI

staining to compare WM266-4 and C32 EV and SCG2 OE melanoma cells (Fig. 5B).

However, the results did not show any differences in the cell cycle phases between EV and

SCG2 OE, in both, WM266-4 and C32 melanoma cells, demonstrating that SCG2 OE

did not alter the proliferation of melanoma cells.
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Fig. 5: SCG2 OE does not affect melanoma cell proliferation.
A Validation of SCG2 OE in WM266-4 and C32 melanoma cells on RNA (left) and protein (right)
level. B Comparison of the cell cycle phases between WM266-4 (left) and C32 (right) EV and SCG2
OE melanoma cells with the help of PI (propidium iodide) staining followed by flow cytometric analysis.
*p<0.05.

8.3 SCG2 OE influences the expression of several components of the

APM

For an overview of the possible pathways affected by SCG2 OE, microarray analysis

was performed and the KEGG, Gene Ontology, and Reactome databases were used for

pathway prediction. The data showed that MHC class I antigen presentation might be in-

fluenced upon SCG2 OE (supplementary tables 1-6). To verify this finding, I analyzed the

mRNA and protein expression of the endoplasmic reticulum markers calreticulin (CALR)

and calnexin (CANX) after SCG2 OE (Fig. 6A and C). Together with tapasin (TAPBP),

these proteins operate as chaperones in the MHC class I complex assembly [72,90]. I also

determined the mRNA and protein expression of several other members of the APM after
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SCG2 OE, which included TAP1, TAP2, B2M, and tapasin (Fig. 6B and C). CALR,

CANX, TAP1, TAP2, B2M, and TAPBP showed decreased mRNA expression levels after

SCG2 OE in WM266-4 and C32 melanoma cells (Fig. 6A and B). Western blot analysis of

the corresponding proteins also confirmed a downregulation upon SCG2 OE in WM266-4

melanoma cells (Fig. 6C). However, western blot analysis of C32 only showed downreg-

ulation of calnexin, TAP2, TAP1, tapasin, and B2M, whereas calreticulin protein levels

seemed to not be affected. GAPDH was used as a loading control.
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Fig. 6: SCG2 OE influences the expression of several components of the antigen presenting
machinery (APM).
A Fold change of the mRNA expression levels of the ER markers and APM components calreticulin
(CALR) and calnexin (CANX) upon SCG2 OE in WM266-4 (left) and C32 (right) melanoma cells. 18S
was used as the endogenous control. B Fold change of the mRNA expression levels of the APM markers
TAP1, TAP2, B2M, and tapasin (TAPBP) upon SCG2 OE in WM266-4 (left) and C32 (right) melanoma
cells. 18S was used as the endogenous control. C Western blot analysis of the expression of the APM
markers calnexin, TAP1, TAP2, calreticulin, tapasin, and B2M upon SCG2 OE in WM266-4 (left) and
C32 (right) melanoma cells. GAPDH was used as the loading control. *p<0.05; **p<0.01; ***p<0.001;
“ns” refers to p>0.5.

8.4 SCG2 expression levels negatively correlate with surface

expression of MHC class I

The results presented so far indicate that the expression of several APM components

decreased upon SCG2 OE (Fig. 6). Therefore, I wanted to investigate, if the expression

of HLA-A, HLA-B, and HLA-C, which encode the heavy chain (HC) of the MHC class

I complex in humans [68], was also affected by SCG2 OE. For this purpose, I analyzed

expression data for SCG2, HLA-A, HLA-B, and HLA-C from melanoma patient samples

(n=87) from a GSE database (GSE7553) and correlated them (Fig. 7A). The analy-

sis showed a strong negative correlation between SCG2 and HLA-A (p<0.001), HLA-B

(p<0.01), and HLA-C (p<0.01) expression. Plotting the expression levels of HLA-A, -B,

and -C together in one graph and correlating them with SCG2 expression revealed that in

most of the cases HLA-A, -B, and -C were expressed similarly in each individual patient

sample, while showing some variation between patients. To gain further insight into the
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effect of SCG2 on the MHC class I complex surface presentation, I compared the presence

of surface HLA-ABC in WM266-4 and C32 EV and SCG2 OE cells using flow cytometry

(Fig. 7B). Since the HC of the MHC class I complex is indispensable for the functionality,

I concluded that the expression of HLA-A, HLA-B, and HLA-C is representative for the

MHC class I complex itself. Flow cytometry results demonstrated a significant down-

regulation of the mean fluorescence intensity (MFI) of HLA-ABC in WM266-4 and C32

SCG2 OE melanoma cells compared to the respective EV control cell line (Fig. 7B upper

panel). Interestingly, the percentage of HLA-ABC+ cells was not altered upon SCG2 OE

(Fig. 7B lower panel). The general gating strategy used for flow cytometry analysis is

depicted in Supplementary Fig. S1. Taken together, these data indicate a role of SCG2

in the process of MHC class I antigen surface presentation.

To examine, if the decrease in surface MHC class I also has a functional impact, I per-

formed a T cell cytotoxicity assay using the xCELLigence RTCA impedance system. To

observe the killing of EV and SCG2 OE melanoma cells over time, I used MART-1-specific

T cells (added at time point 0h). MART-1 is a melanocyte-specific marker presented by

MHC class I on the surface of melanoma cells. The optimal number of T cells for the

experiment was determined by titrating different amounts of T cells at different time

points (Supplementary Fig. S2). The neutralization of melanoma cells was plotted as the

normalized cell index, which correlates with the cell number. This value results from the

measured impedance created by the interaction of the WM266-4 and C32 melanoma cells

with the gold biosensors in the plate. A decreasing normalized cell index represents cell

killing, while an increase in the value refers to cell proliferation. The results revealed a sig-

nificantly higher normalized cells index for both, WM266-4 and C32 SCG2 OE melanoma

cells compared to the respective EV control cell line (Fig. 7C). Based on this finding,

there is room to speculate that the decreased surface presentation of MHC class I on

SCG2 OE melanoma cells reduced their sensitivity towards T cell-induced cytotoxicity.
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Fig. 7: SCG2 expression levels negatively correlate with surface MHC class I.
A Correlation of the expression data (log2) for SCG2 with HLA-A, HLA-B, and HLA-C from melanoma
patients from GSE7553. Number of patient samples (n), correlation coefficient (R), and p-value (p) are
indicated. B Top: comparison of the mean fluorescence intensity (MFI) of HLA-ABC between SCG2 OE
and EV WM266-4 (left) and C32 (right) melanoma cells. The MFI positively correlates with the amount
of HLA-ABC at the cell surface. Bottom: comparison of the number of HLA-ABC-positive (HLA-ABC+)
cells between SCG2 OE and EV WM266-4 (left) and C32 (right) melanoma cells. C xCELLigence RTCA
impedance assay used to perform a T cell cytotoxicity assay with MART-1-specific T cells. Comparison
of the normalized cell indices as a measure of the cell number between EV and SCG2 OE WM266-4 (left)
and C32 (right) melanoma cells over time. The normalized cell index was determined by the impedance
measured through the interaction of the cells with the gold biosensors. A decreasing normalized cell index
indicates the neutralization of melanoma cells by cytotoxic T cells. *p<0.05; **p<0.01; ***p<0.001; “ns”
refers to p>0.5.

8.5 SCG2-induced MHC class I downregulation can be partially

restored by IFNγ

My results demonstrate that SCG2 OE led to a downregulation of several APM compo-

nents resulting in a decrease of surface HLA-ABC, more specifically a decrease of surface

MHC class I. It is already known that the expression of APM components and therefore

the surface presentation of MHC class I can be stimulated through the IFNγ-induced

activation of the Stat1 pathway [101,116]. Therefore, I investigated the effect of IFNγ on

the surface HLA-ABC levels in SCG2 OE WM266-4 and C32 melanoma cells. I already

showed that SCG2 OE resulted in a reduction of the HLA-ABC MFI of WM266-4 and

C32 melanoma cells (Fig. 7B). Interestingly, after IFNγ treatment (10 ng/ml, 48h) of

WM266-4 and C32 melanoma cells I could detect an increase of the MFI of HLA-ABC as

well as no statistical difference between EV and SCG2 OE cells (Fig. 8A, upper panel).

The percentage of HLA-ABC+ WM266-4 and C32 melanoma cells did not change when

comparing EV and SCG2 OE cells (Fig. 8A, lower panel). However, the percentage of

HLA-ABC+ cells was significantly higher for IFNγ-treated WM266-4 EV and SCG2 OE
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cells compared to their untreated counterparts. This effect was not observable for C32

melanoma cells.

In order to verify the IFNγ-induced activation of the Stat1 pathway, I examined mRNA

and protein expression levels of Stat1 (Fig. 8B and D). I observed a significant down-

regulation of STAT1 mRNA expression upon SCG2 OE in WM266-4 and C32 melanoma

cells (Fig. 8B). The STAT1 mRNA expression levels tendentially increased in both of the

EV and SCG2 OE cell lines upon IFNγ treatment. When treated with IFNγ, WM266-4

SCG2 OE melanoma cells even showed a tendency for lower levels of STAT1 mRNA

expression compared to WM266-4 EV melanoma cells. Western blot analysis of total

Stat1 and phospho-Stat1 (pStat1) protein levels in EV and SCG2 OE cells confirmed the

mRNA expression data (Fig. 8D). Protein levels of total Stat1 and pStat1 increased after

IFNγ treatment of WM266-4 and C32 EV and SCG2 OE melanoma cells compared to

the untreated cells. When comparing the untreated cells, I observed a decrease of total

Stat1 and pStat1 protein levels in the WM266-4 and C32 SCG2 OE cells.

Additionally, I examined the mRNA and protein expression levels of SCG2 in the un-

treated and IFNγ-treated WM266-4 and C32 EV and SCG2 OE melanoma cells (Fig. 8C

and D). SCG2 mRNA expression levels did not change after IFNγ treatment (Fig. 8C).

Interestingly, western blot analysis revealed a decrease in SCG2 protein levels in IFNγ-

treated WM266-4 and C32 EV cells (Fig. 8D). SCG2 protein levels did not differ between

untreated and treated WM266-4 and C32 SCG2 OE cells.
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Fig. 8: SCG2-induced MHC class I downregulation can be partially restored by IFNγ.
A Top: comparison of the MFI of HLA-ABC before and after IFNγ treatment (10 ng/ml, 48h) of
WM266-4 (left) and C32 (right) EV and SCG2 OE melanoma cells. Bottom: comparison of the number
of HLA-ABC+ WM266-4 (left) and C32 (right) EV and SCG2 OE melanoma cells before and after IFNγ
treatment. B Fold change of Stat1 mRNA expression levels in WM266-4 (left) and C32 (right) EV and
SCG2 OE melanoma cells before and after IFNγ treatment. 18S was used as the endogenous control.
C Fold change of SCG2 mRNA expression levels in WM266-4 (left) and C32 (right) EV and SCG2 OE
melanoma cells before and after IFNγ treatment. 18S was used as the endogenous control. D Western
blot analysis of total Stat1, phosphorylated Stat1 (pStat1), and SCG2 in WM266-4 (left) and C32 (right)
EV and SCG2 OE melanoma cells before and after IFNγ treatment. GAPDH was used as the loading
control. *p<0.05; **p<0.01; ***p<0.001; “ns” refers to p>0.5.
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8.6 SCG2-induced downregulation of APM components can be

partially restored by IFNγ

Since I observed an increase of the MFI of surface HLA-ABC upon IFNγ treatment, I

also examined the changes in the expression of several APM components, including TAP1,

TAP2, B2M, and TAPBP after IFNγ treatment. The results showed an upregulation of

the mRNA expression of TAP1, TAP2, and B2M after IFNγ treatment in WM266-4 and

C32 EV and SCG2 OE melanoma cells where SCG2 OE cells reached mRNA expression

levels of the control cells (Fig. 9A). Interestingly, the TAP1 mRNA expression of SCG2

OE and IFNγ-treated WM266-4 melanoma cells remained lower than in the control group.

Moreover, IFNγ treatment did not increase TAPBP mRNA expression levels of SCG2 OE

WM266-4 and C32 melanoma cells.

I also validated mRNA expression results for TAP1, TAP2, B2M, and TAPBP on the

protein level using western blot analysis (Fig. 9B). The results confirmed the upregula-

tion of TAP1, TAP2, and B2M after IFNγ treatment in C32 SCG2 OE melanoma cells.

Upon IFNγ treatment, WM266-4 cells showed an increase of tapasin and B2M protein

levels in SCG2 OE cells and tapasin protein levels remained constant in C32 SCG2 OE

cells compared to untreated SCG2 OE cells. Comparing the results from the untreated

cells, I observed lower protein levels of TAP2, TAP1, tapasin, and B2M in WM266-4 and

C32 SCG2 OE cells compared to EV cells.
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Fig. 9: SCG2-induced downregulation of several APM components can be partially restored
by IFNγ.
A Fold change of TAP1, TAP2, B2M, and TAPBP mRNA expression levels in WM266-4 (left) and
C32 (right) EV and SCG2 OE melanoma cells before and after IFNγ treatment. 18S was used as the
endogenous control. B Western blot analysis of TAP1, TAP2, tapasin, and B2M expression in WM266-4
(left) and C32 (right) EV and SCG2 OE melanoma cells before and after IFNγ treatment. GAPDH was
used as the loading control. *p<0.05; **p<0.01; ***p<0.001; “ns” refers to p>0.5.
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8.7 SCG2 OE melanoma cells are more resistant towards cytotoxic

T cell-induced killing

To investigate the functional effect of the upregulation of APM component expression and

surface presentation of HLA-ABC after IFNγ treatment on WM266-4 and C32 melanoma

cells, I performed another xCELLigence RTCA impedance assay with MART-1-specific

T cells (Fig. 10). For both melanoma cell lines the results were similar. The normalized

cell index was significantly lower upon IFNγ treatment of EV and SCG2 OE cells com-

pared to untreated EV and SCG2 OE cells (EV vs. EV IFNγ and SCG2 OE vs. SCG2 OE

IFNγ) indicating faster killing of these cells. The comparison of IFNγ-treated EV with

IFNγ-treated SCG2 OE cells (EV IFNγ vs. SCG2 OE IFNγ) showed a higher normalized

cell index for SCG2 OE cells. Comparing the untreated cells (EV vs. SCG2 OE), the

results were consistent with the results shown in Fig. 7C. There I already showed that

SCG2 OE melanoma cells were less sensitive towards T cell-induced cytotoxicity, which

was caused by the decrease of surface MHC class I.
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Fig. 10: SCG2 OE melanoma cells are more resistant towards cytotoxic T cell-induced
killing.
xCELLigence RTCA impedance assay was used to perform a T cell cytotoxicity assay with MART-1-
specific T cells. Comparison of the normalized cell indices as a measure of the cell number between
WM266-4 (left) and C32 (right) EV and SCG2 OE melanoma cells over time as well as before and after
IFNγ treatment. ***p<0.001.
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8.8 SCG2 knockdown (KD) has an opposite effect than that of

SCG2 OE

In order to investigate the effect of SCG2 knockdown (KD) on melanoma cells, I generated

C32 and HT144 SCG2 KD melanoma cells using SCG2 -specific shRNA. Non-targeting

(NT) shRNA was used as the control group. I validated SCG2 KD on the mRNA and

protein level (Fig. 11A). The KD cells showed almost 70-fold less SCG2 mRNA levels

compared to the NT control and western blot analysis demonstrated a 0.2 and 0.5-fold

decrease of SCG2 in C32 and HT144 SCG2 KD cells, respectively.

I also determined the mRNA and protein expression levels of the APM components cal-

reticulin, calnexin, TAP1, TAP2, B2M, and tapasin (Fig. 11B-D). The mRNA expression

levels of all APM components tested were significantly upregulated after SCG2 KD in

HT144 (Fig. 11B-C). In C32 SCG2 KD cells, these APM components showed a tendency

towards upregulation with the exception of tapasin. Western blot analysis of C32 and

HT144 SCG2 KD melanoma cells revealed an increase of calnexin, TAP1, TAP2, and

calreticulin protein levels (Fig. 11D). For HT144 also tapasin protein level was increased,

whereas in C32 SCG2 KD melanoma cells the tapasin as well as the B2M protein level

remained constant. The B2M protein level even slightly decreased in HT144 SCG2 KD

cells.

Next, I investigated if this upregulation of several APM components upon SCG2 KD also

led to an increase of MHC class I surface levels. My analysis indicated a significant in-

crease of the MFI of HLA-ABC of C32 and HT144 melanoma cells (Fig. 11E). However,

comparable to the situation upon SCG2 OE the percentage of HLA-ABC+ cells remained

unchanged.
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Fig. 11: SCG2 knockdown (KD) has an opposite effect than that of SCG2 OE.
A Validation of SCG2 knockdown (KD) in C32 and HT144 melanoma cells on the RNA (left) and protein
(right) level. B Fold change of the mRNA expression of the ER markers and APM components calreticulin
(CALR) and calnexin (CANX) upon SCG2 KD in C32 (left) and HT144 (right) melanoma cells. 18S was
used as the endogenous control. C Fold change of mRNA expression of the APM markers TAP1, TAP2,
B2M, and TAPBP upon SCG2 KD in C32 (left) and HT144 (right) melanoma cells. 18S was used as
the endogenous control. D Western blot analysis of the expression of the APM markers calnexin, TAP1,
TAP2, calreticulin, tapasin, and B2M after SCG2 KD in C32 (left) and HT144 (right) melanoma cells.
GAPDH was used as the loading control. E Top: comparison of the MFI of HLA-ABC after SCG2 KD in
C32 (left) and HT144 (right) melanoma cells. Bottom: comparison of the percentage of HLA-ABC+ C32
(left) and HT144 (right) melanoma cells after SCG2 KD. *p<0.05; **p<0.01; ***p<0.001; “ns” refers to
p>0.5.
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9 Discussion

Melanoma is a very aggressive form of skin cancer that is often associated with poor prog-

nosis for the patient [2]. Unfortunately, the development of resistances against existing

therapies negatively influences therapy success. Therefore, it is important to gain further

insights into the mechanisms of melanoma development, progression, and therapy resis-

tance to develop novel treatment options and combinations. A recent study reported a

potential contributing role of SCG2 to melanoma pathogenesis [156]. However, the exact

role of SCG2 in melanoma is still unclear. Hence, elucidating the SCG2-driven mecha-

nisms in melanoma became the major topic of my study.

In the present work, I could show that i) high SCG2 expression correlated with poor sur-

vival rates of melanoma patients; ii) SCG2 was highly expressed in primary melanomas

and metastases; iii) SCG2 OE led to a downregulation of components of the APM; iv)

as a consequence the amount of surface MHC class I was downregulated; v) SCG2 OE

melanoma cells were more resistant towards cytotoxic T cell-induced killing; vi) IFNγ

treatment partially restored APM expression and surface MHC class I presentation; vii)

IFNγ treatment sensitized SCG2 OE melanoma cells towards cytotoxic T cell-induced

killing; viii) SCG2 KD increased the expression of APM components and the surface pre-

sentation of MHC class I. Based on these results, there is reason to speculate that SCG2

affects immune evasion mechanisms in melanoma and therefore could be associated with

resistance towards checkpoint blockade and adoptive immunotherapy.

9.1 SCG2 influences patient survival but not melanoma cell

proliferation

To assess, if SCG2 plays a potential role in melanoma, I analyzed publicly available

data sets from patients with metastatic melanoma. The results showed that patients

with high intratumoral SCG2 expression had a survival disadvantage over patients with

low intratumoral SCG2 expression (Fig. 4A). This result was confirmed by the analysis

of a cohort of specimens from patients with metastatic melanoma, revealing a survival

benefit of patients with low intratumoral SCG2 expression levels over patients with high

intratumoral SCG2 expression levels (Fig. 4C and D) [156]. The coherence between

SCG2 expression and patient survival also has been found in colorectal cancer patients

[150,151, 169]. Additionally, I analyzed SCG2 expression data from a GSE database and

compared SCG2 expression in normal skin, primary melanoma tumors and metastases.

The data revealed higher SCG2 expression in primary tumors and metastases compared
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to normal skin (Fig. 4B). I confirmed these results by analyzing the same parameters

in the cohort of melanoma patient specimens (Fig. 4E). Based on these results, there is

reason to speculate that SCG2 plays a role in melanoma. To study the role of SCG2 in

melanoma, I generated SCG2 OE and KD melanoma cell lines (Fig. 5A and 11A).

Studies on the role of the histone methyltransferase SETDB1 in melanoma showed that

SETDB1 influences the proliferative behavior [168]. A follow up study indicated that

SCG2 might be a potential downstream target of SETDB1 in melanoma [168]. For this

reason, I wanted to investigate, if SCG2 alters the proliferative behavior of melanoma cells.

Additionally, previous studies on colorectal cancer demonstrated that SCG2 contributes

to the progression of colorectal cancer by influencing the proliferative behavior [136]. To

examine, if SCG2 affects melanoma cell proliferation I determined the percentage of SCG2

OE melanoma cells in S-Phase. However, I did not detect any differences in proliferation

between control and SCG2 OE melanoma cells (Fig. 5B). It rather seems like SCG2

influences melanoma aggressiveness, indicated by the survival disadvantage of patients

with high intratumoral SCG2 expression, through different mechanisms and that its role

differs between different cancer types.

9.2 SCG2 OE alters the expression of several APM components and

thus influences MHC class I cell surface presentation

To determine the pathways that might be affected upon SCG2 OE I used microarray gene

expression profiling. The analysis revealed that the gene expression of various members of

the APM, including calreticulin, calnexin, TAP1, TAP2, B2M, and tapasin was reduced

in WM266-4 and C32 melanoma cells after SCG2 OE (Fig. 6A and B). The APM is

indispensable for the assembly of the MHC class I complex [72, 83, 84, 90, 92, 100]. The

MHC class I complex presents antigens on the cell surface to CD8+ T cells, which get ac-

tivated and neutralize cancer cells upon recognition of specific antigens [68,72]. However,

since the presence of MHC class I is not essential for cell survival, cancer cells develop

mechanisms to escape this immune control by targeting the APM components and sub-

sequently affecting the function of the MHC class I complex. This does not only have

consequences for the immune response but also for the outcome of immune therapy [101].

A recent study on patients with advanced melanoma reported that patients are unlikely

to respond to anti-PD-1 monotherapy, if the amount of MHC class I on the tumor cell

surface is low. Nevertheless, these patients still respond to anti-PD-1 and anti-CTLA-4

combination treatment [170, 171]. Due to the instability of the MHC class I molecules,

any defect in a single APM component can result in the loss of MHC class I presenta-
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tion [72]. My western blot analyses depicted in Fig. 6C confirmed the downregulated

expression of calnexin, TAP1, TAP2, B2M, and tapasin in WM266-4 and C32 melanoma

cells after SCG2 OE. It has been reported that defects in the APM components TAP1,

TAP2, and tapasin as well as the total loss of MHC class I contribute to melanoma

progression [72, 103–107, 111, 112]. My observation of reduced calnexin, TAP1, TAP2,

B2M, and tapasin expression in WM266-4 and C32 melanoma cells upon SCG2 OE on

the mRNA as well as on the protein level together with the results of other published

studies led to the assumption, that surface MHC class I could also be downregulated.

To pursue this hypothesis, I determined HLA-ABC cell surface levels. Since the HC of

the MHC class I complex is encoded by the HLA-A, -B, and -C genes [68], cell surface

levels of HLA-ABC correspond to MHC class I cell surface levels. I detected lower MHC

class I cell surface levels after SCG2 OE and thus could confirm the hypothesis (Fig.

7B). I could further verify this finding by analyzing patient data from a GSE database.

The data revealed a negative correlation between SCG2 and HLA-A, -B, and -C gene

expression levels (Fig. 7A). Moreover, the expression levels of the three HLA proteins

were similar in each individual patient. This indicates that in most melanoma patients of

this study SCG2 exerts its immune-modulatory effects by influencing the expression of all

three genes, HLA-A, -B, and -C, at the same time and therefore influencing MHC class I

in general and not a specific isotype of MHC class I. However, when looking at the number

of HLA-ABC+ cells, I could not detect any differences between SCG2 OE and EV control

cells (Fig. 7B). In summary, these results indicate that the cells did not completely lose

surface MHC class I since they still were HLA-ABC-positive, but that SCG2 OE reduced

the density of MHC class I on the cell surface. In contrast, I observed opposite effects in

SCG2 KD C32 and HT144 melanoma cells (Fig. 11). Here, I noticed an upregulation of

calnexin, TAP1, TAP2, and calreticulin in both, C32 and HT144 SCG2 KD melanoma

cells, and subsequently an upregulation of MHC class I at the cell surface. However, the

percentage of MHC class I-positive C32 and HT144 melanoma cells did not change. In

summary, these results indicate that the expression level of SCG2 influenced the amount

of MHC class I on the cell surface. Interestingly, the decreased surface presentation of

MHC class I after SCG2 OE reduced the sensitivity of the WM266-4 and C32 melanoma

cells towards T cell-induced cytotoxicity, as I could show using a T cell cytotoxicity as-

say (Fig. 7C). Based on this result, there is reason to speculate that the SCG2-induced

downregulation of cell surface MHC class I might be a potential mechanism of melanoma

cells to evade immune detection. To address this theory, one could use a suitable mouse

model using murine SCG2 OE cells and, for example, compare immunological markers
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and the size of the control tumor with the SCG2 OE tumor.

9.3 IFNγ counteracts SCG2-induced downregulation of APM

components and surface MHC class I levels

It has been shown that restoring MHC class I cell surface presentation to a normal level

resensitizes melanoma cells towards cytotoxic T cells [113, 114]. The loss of MHC class I

in several cancer entities, including esophageal squamous cell carcinoma, lung cancer, and

melanoma, is associated with the resistance towards checkpoint blockade and adoptive im-

mune therapy [170–177]. However, also defective IFNγ-signaling can affect the response to

immune checkpoint blockade therapy in melanoma [115]. Additionally, it has been shown

that upregulating IFNγ signaling early during therapy leads to an improved outcome of

immune checkpoint blockade in melanoma [171, 178, 179]. Here, I demonstrated that the

decrease of cell surface MHC class I upon SCG2 OE in WM266-4 and C32 melanoma cells

could be counteracted by IFNγ treatment (Fig. 8A). This seemed to be the result of the

IFNγ-induced activation of Stat1, which is known to upregulate the expression of MHC

class I surface components [116]. In the SCG2 OE melanoma cells, a strong upregulation

of STAT1 mRNA levels and activated Stat1 was detected after IFNγ treatment (Fig. 8B

and D). This resulted in an increased expression of the APM components TAP1, TAP2,

tapasin, and B2M in those cells (Fig. 9). Subsequently, another T cell cytotoxicity assay

showed that the restored MHC class I cell surface presentation led to a higher sensitivity

of the SCG2 OE cells towards T cells (Fig. 10). A study with B16 melanoma cells also

demonstrated that the downregulation of some APM components and the subsequent re-

duction of MHC class I can be counteracted by IFNγ treatment [180]. Interestingly, the

data I obtained showed that IFNγ-treated SCG2 OE cells were still less sensitive to T cell

cytotoxicity compared to the IFNγ-treated EV cells, even though the flow cytometry re-

sults indicated that the density of cell surface MHC class I was partially restored after

IFNγ treatment. Since it is known that cytotoxic T cells can induce apoptosis in the tar-

get cells to eliminate them, it is possible that SCG2 OE melanoma cells escape apoptosis

by altering apoptotic pathways and thereby becoming resistant to T cell-induced killing

despite the restoration of MHC I expression levels [181]. To test this theory, additional

investigations of apoptotic pathways and apoptosis in response to T cell-induced killing

could be performed. However, this theory could explain that, although MHC class I levels

were restored, IFNγ-treated SCG2 OE melanoma cells were still more resistant towards

cytotoxic T cells. Furthermore, in several studies the impact of the tumor secretome on

the anti-tumor activity of immune cells was investigated. For example, it has been shown
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that the secretion of HLA-G by tumor cells induces the upregulation of CTLA-4, PD-1,

TIM-3, and CD95 on CD8 T cells and therefore influences their anti-tumor activity [182].

Additionally, in a recent study on colorectal cancer it has been found that SCG2 might

play a role in regulating several tumor- and immune-related pathways and subsequently

could be used as a prognostic marker [169]. However, further investigating the pathways

affected by SCG2 and its possible influence on the tumor immune response are interesting

topics for future studies.
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10 Conclusion

In my study I discovered that SCG2 was highly expressed in primary melanomas and

melanoma metastases and that high intratumoral SCG2 expression negatively influenced

melanoma patient survival. Moreover, I showed that SCG2 influenced the assembly and

cell surface presentation of the MHC class I complex. In detail, SCG2 OE led to a down-

regulation of several components of the APM and therefore resulted in lower cell surface

levels of MHC class I accompanied by a reduced sensitivity of the melanoma cells to-

wards T cell-induced cytotoxicity (Fig. 12). However, the downregulation of both, some

of the APM components and cell surface MHC class I, could be partially restored by

IFNγ treatment. Interestingly, the IFNγ-treated SCG2 OE cells were still more resistant

towards cytotoxic T cells. Hence, I concluded that the Stat1-pathway was involved in

the SCG2-driven effects on the MHC class I complex in melanoma. In summary, my

results could contribute to the understanding of the role of SCG2 in melanoma immune

evasion. Thus, SCG2 could function as a valuable prognostic factor concerning the suc-

cess of checkpoint blockade and adoptive immunotherapy. Furthermore, investigations

concentrating on the mechanisms and pathways involved in the SCG2-induced alteration

of MHC class I complex surface presentation could contribute to the establishment of

possible novel melanoma treatment options.

Fig. 12: Schematic summary of the SCG2 OE-induced effects on the APM and MHC class
I in melanoma cells.
Melanoma cell with nucleus and ER represented in grey. SCG2 is intracellularly represented as blue
circles and MHC class I complex is represented in green on the cell surface. Arrows facing up and down
indicate up- and downregulation, respectively.
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12 Supplemental material

12.1 Supplementary tables

Supplementary Tab. S1: KEGG pathway analysis showing that the pathway of antigen
processing and presentation is predicted to be negatively affected in WM266-4 SCG2 OE
melanoma cells compared to control (WM266-4 EV) melanoma cells.

Pathway Direction Number of
genes

p value

Antigen processing and presenta-
tion

down 62 0.0916

Supplementary Tab. S2: Gene Ontology pathway analysis listing pathways predicted to be
negatively affected in WM266-4 SCG2 OE melanoma cells compared to control (WM266-4
EV) melanoma cells.

Pathway Direction Number of
genes

p value

antigen processing and presenta-
tion of exogenous peptide antigen
via MHC class I, TAP-dependent

down 74 0.0028

antigen processing and presenta-
tion of peptide antigen via MHC
class I

down 94 0.0003

antigen processing and presenta-
tion of exogenous peptide antigen
via MHC class I

down 77 0.0021

antigen processing and presenta-
tion of peptide antigen

down 184 0.0381

antigen processing and presenta-
tion of exogenous peptide antigen

down 171 0.0466

MHC protein complex assembly down 6 0.0173
MHC class I protein binding down 17 0.0529
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Supplementary Tab. S3: Reactome pathway analysis listing pathways predicted to be nega-
tively affected in WM266-4 SCG2 OE melanoma cells compared to control (WM266-4 EV)
melanoma cells.

Pathway Direction Number of
genes

p value

Antigen processing: Ubiquitina-
tion and Proteasome degradation

down 302 0.1179

Class I MHC mediated antigen
processing and presentation

down 370 0.0458

Antigen Presentation: Folding, as-
sembly and peptide loading of class
I MHC

down 25 0.00001

Supplementary Tab. S4: KEGG pathway analysis showing that the pathway of antigen pro-
cessing and presentation is predicted to be negatively affected in C32 SCG2 OE melanoma
cells compared to control (C32 EV) melanoma cells.

Pathway Direction Number of
genes

p value

Antigen processing and presenta-
tion

down 62 0.0001

76



12 SUPPLEMENTAL MATERIAL

Supplementary Tab. S5: Gene Ontology pathway analysis listing pathways predicted to
be negatively affected in C32 SCG2 OE melanoma cells compared to control (C32 EV)
melanoma cells.

Pathway Direction Number of
genes

p value

antigen processing and presenta-
tion of exogenous peptide antigen
via MHC class I, TAP-dependent

down 74 0.0013

antigen processing and presenta-
tion of peptide antigen via MHC
class I

down 94 0.0014

antigen processing and presenta-
tion of exogenous peptide antigen
via MHC class I

down 77 0.0016

antigen processing and presenta-
tion of peptide antigen

down 184 0.0058

antigen processing and presenta-
tion of exogenous peptide antigen

down 171 0.0116

MHC protein complex assembly down 6 0.0050
MHC class I protein binding down 17 0.0562

Supplementary Tab. S6: Reactome pathway analysis listing pathways predicted to be neg-
atively affected in C32 SCG2 OE melanoma cells compared to control (C32 EV) melanoma
cells.

Pathway Direction Number of
genes

p value

Antigen processing: Ubiquitina-
tion and Proteasome degradation

down 302 0.0450

Class I MHC mediated antigen
processing and presentation

down 370 0.0749

Antigen Presentation: Folding, as-
sembly and peptide loading of class
I MHC

down 25 0.7554
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12.2 Supplementary figures

Supplementary Fig. S1: General gating strategy.
General gating strategy used for flow cytometry. Fluorescence minus one (FMO) control was used to set
the gate for HLA-ABC+ cells.

Supplementary Fig. S2: Titration of MART-1-specific T cells.
Determination of the optimal number of T cells for T cell cytotoxicity assay by titration of different
amounts (0; 6,250; 12,500; 25,000; 50,000; and 100,000) of MART-1-specific T cells at 0h, 24h, and 36h
time point. Comparison of the normalized cell index of EV and SCG2 OE melanoma cells. Normalized
cell index was determined by the impedance measured through the interaction of the melanoma cells with
the gold biosensors. A decreasing normalized cell index indicates cell killing.
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